At harvest, apple fruit are placed into wooden or plastic bins (approximately 400 kg of fruit per bin), which are then transported to storage and packing facilities. Prior to storage, fruit may be drenched with a fungicide to control postharvest diseases (10) . Fruit are stored in the bins in either regular atmosphere (RA) or controlled atmosphere (CA) (1 to 2% O 2 and 0.5% CO 2 ) at -1 to 3°C (9) . Depending on the volume of harvested crops and cultivar, fruit may be stored for up to 10 to 12 months before packing.
Blue mold, caused by Penicillium expansum Link, is a major postharvest fruit rot disease of apple worldwide (11) . Punctures, bruises, or any physical damage on the fruit that occur during harvest and postharvest handling are the main avenues for the pathogen to infect apple fruit (11) .
Protecting wounds from infections by P. expansum is essential to blue mold control. Fungicide applications after harvest are commonly used to control blue mold on stored apple fruit. Since the introduction into the market in the late 1960s for postharvest use on pome fruits, thiabendazole (TBZ) has been commonly used for control of postharvest diseases of apple, but resistance to TBZ in P. expansum often results in the failure of blue mold control (5, 7) . In 2004, fludioxonil and pyrimethanil were registered for postharvest use on pome fruits in the United States. Fludioxonil and pyrimethanil belong to phenylpyrrole and anilinopyrimidine classes, respectively. Both fungicides are highly effective in inhibiting conidial germination and germ-tube elongation of P. expansum (7) . The P. expansum populations from apple in Washington State prior to the commercial use of these two fungicides consisted of a mixture of phenotypes varying in sensitivity to fludioxonil and pyrimethanil, but both thiabendazolesensitive (TBZ-S) and -resistant (TBZ-R) isolates of P. expansum can be effectively controlled by the two new fungicides (7) . Currently, fludioxonil and pyrimethanil are increasingly being used as alternatives to TBZ for control of blue mold and other postharvest diseases in pome fruits, and particularly as a tool for control of blue mold caused by TBZ-R strains of P. expansum (5, 7) .
The three apple-postharvest fungicides can be applied as either a prestorage drench treatment or a line-spray or dip treatment at packing. Fludioxonil and pyrimethanil are highly effective in controlling blue mold when used as a prestorage drench treatment (5, 7) . However, it is unknown how long the residues of the two new postharvest fungicides on/in apple fruit can last during cold storage and whether or not the residues of these two fungicides on/in fruit can protect fruit at packing from infection by P. expansum, which is commonly present in the water system and on the packingline equipment during packing (14) .
The objectives of this study were to determine residual activity of fludioxonil and pyrimethanil in fungicide-drenched apple fruit against P. expansum and the distribution of fludioxonil and pyrimethanil residues in the flesh of apple fruit at levels that are effective in inhibiting blue mold development.
MATERIALS AND METHODS
Fungicides and pathogen isolates. The formulated fungicides thiabendazole (Mertect 340F; Syngenta Crop Protection, Greensboro, NC), fludioxonil (Scholar 50WP or Scholar SC; Syngenta), and pyrimethanil (Penbotec 400SC; Janssen Pharmaceutica N.V., Belgium) were used in this study.
Two isolates (CLX3294 and CLX3354) of P. expansum recovered from decayed apple fruit collected from commercial fruit packinghouses were used in this study. CLX3294 is resistant to TBZ and CLX3354 is sensitive to TBZ (8) . Conidial suspensions (approximately 1 × 10 4 conidia per ml) of the pathogen made from 7-to 10-day-old potato dextrose agar (PDA; Difco Laboratories, Detroit, MI) cultures grown at 20°C were used as inoculum for fruit inoculation.
Postharvest drench with fungicides and storage of fruit. We used apple fruit (Malus × domestica) cv. Delicious obtained from commercial orchards where fungicides were not used to avoid potential interference by preharvest fungicide residues on the fruit. Fruit were transported to Blue mold caused by Penicillium expansum is a major postharvest disease of apples (Malus × domestica). Residual activity of fludioxonil and pyrimethanil in apple fruit against P. expansum was investigated during 2005 to 2008. Fruit of the cultivar Delicious harvested from commercial orchards where fungicides were not used were either not treated or drenched with fludioxonil, pyrimethanil, or thiabendazole prior to storage and then stored in controlled atmosphere at 0°C for 5 or 7 months, after which time the fruit were removed from storage and subjected to washing and brushing, practices that are done at the time of packing. Fruit were then wounded and inoculated with conidial suspensions of P. expansum. Inoculated fruit were treated with either sterile water or fungicides. Fruit were stored at 0°C for 8 weeks and at room temperature for one additional week after cold storage. To determine distribution of fungicide residues in the fruit flesh, fruit were cut horizontally at the equator, sprayed with the conidial suspension of P. expansum, incubated at room temperature, and examined for inhibition of blue mold on the cut fruit 4 days after inoculation. Fungicide residues on/in the fruit were analyzed using a gas chromatograph. Zero to 26% blue mold incidence was observed on fludioxonil-drenched fruit that were inoculated and not treated with fungicides at packing. No decay or <4% blue mold incidence was observed on pyrimethanil-drenched fruit that were inoculated and not treated with fungicides at packing, whereas 65 to 99% blue mold incidence was observed on thiabendazoledrenched fruit that were not treated with fungicides at packing. An average of >32 mm inhibition zone and approximately 5 mm inhibition zone measured from the fruit peel toward the fruit core were observed on pyrimethanil-drenched and fludioxonil-drenched fruit, respectively. Washing and brushing at the time of packing 5 and 7 months after harvest did not remove or only partially removed residues of fludioxonil and pyrimethanil from apple fruit. The results suggest that residues of fludioxonil and pyrimethanil on/in apple fruit are persistent and that residual protection of apple fruit by the two fungicides can last for at least 7 months under apple-storage conditions. the packinghouse facility on the day of harvest.
The experiment was conducted in the 2005-2006, 2006-2007, and 2007-2008 seasons. The fruit from the first two seasons were used to determine residual activity of the fungicides in apple fruit. The fruit from 2006-2007 and 2007-2008 were used to determine the distribution of fungicide residues in the fruit flesh. In all three seasons, fruit were drenched on the day of harvest. Pyrimethanil was applied as Penbotec 400SC at 1.25 ml/liter, and thiabendazole was applied as Mertect 340F at 1.25 ml/liter for all three seasons. Fludioxonil was applied as Scholar 50WP at 0.6 g/liter in 2005-2006 and as Scholar SC at 1.25 ml/liter (equivalent to Scholar 50WP at 0.6 g/liter) and 0.94 ml/liter in 2006-2007 and 2007-2008 , respectively. The changes in formulations and rates of Scholar were based on suggested label rates by the manufacturer. Fruit were drenched using a 1,935-liter-tank drencher comparable to commercial operations. The travel time of bins through the drencher was approximately 2.5 min. The drencher was thoroughly rinsed with water between fungicide treatments. Fruit remained in the bins and were drained after drenching. Fruit were then stored in CA (0°C, <1% CO 2 , and 1.5% O 2 ).
Handling and inoculation of fruit and fungicide treatments. Part of the fruit was removed from CA 5 or 7 months after drenching. Fruit were subjected to the washing and packing process using a research packingline comparable to commercial operations. Fruit were placed in a 100 ppm sodium hypochlorite solution for 2 min to mimic a common practice for commercial packing in which fruit are first floated through a dump tank filled with a sodium hypochlorite solution. The treated fruit were then manually placed on packingline rollers where they were elevated from the dump tank and passed under a soap bar dispensing Real Clean (containing sodium lauryl ether sulfate, sodium hydroxide, and gluconic acid) (CH2O, Inc., Olympia, WA) at 160 ml/20 liters of tap water, then a rinse bar with warm tap water. Fruit then ran through a brush conveyor bed. The total time of fruit on the brush bed was approximately 2 min. Fruit then passed through a fruit dryer before exiting the packingline. The fruit were transported to the laboratory for further treatments.
Each treatment was applied to four 20-fruit replicates. Each fruit was wounded on one side approximately at the equator with a 4-mm-diameter finishing nail head embedded in a cork to 3 mm in depth in the fruit flesh. Each wound was inoculated by delivering 20 µl of the conidial suspensions of P. expansum (TBZ-S or TBZ-R strain) with a pipette into the wound. At approximately 30 min after inoculation, 20 µl of sterile water or one of the three apple-postharvest fungicides (TBZ, fludioxonil, or pyrimethanil) at the same rates described above was pipetted into the wound. Fruit were kept on fruit trays in the laboratory for 10 to 20 min before they were placed in cardboard apple-boxes. Fruit were stored at 0°C in RA for 8 weeks, at which time lesion size on each fruit was measured. Incidence of blue mold (% of fruit with blue mold within each replicate of each treatment) was calculated. After cold storage, fruit were stored at room temperature (average 23.8°C, from 21.7 to 24.8°C) for one additional week, after which decay was evaluated again as described above.
Distribution of effective residues of fungicides in apple fruit. A bioassay was developed to assess the distribution of fungicide residues in the fruit flesh at levels that are effective in inhibiting blue mold development in apple fruit flesh. Fruit were run through the packingline as described above, and 10 replicate fruits from each drench treatment were then randomly selected for the experiment. Each fruit was cut horizontally at approximately the equator and placed in a disposable muffin pan in a plastic container. The surface of the cut fruit was sprayed with the conidial suspensions of P. expansum using a 1-liter household sprayer. A single shot of spray (approximately 1 ml) was applied to each cut surface. A shallow depth of water was added to the container to maintain high relative humidity. The fruit were incubated at room temperature for 4 days, after which time inhibition zone of blue mold on the cut fruit was measured from the peel of the fruit to the edge of blue mold lesion on the flesh of the cut fruit. If no decay developed on the cut fruit, the distance from the fruit peel to the edge of locule (seed cavity) of the fruit was measured. Four separate measurements at two perpendicular directions were taken from each fruit and averaged. The experiment was performed twice at each monitoring time (5 or 7 months after harvest).
Analysis of fungicide residues on/in the fruit. To detect fungicide residues in apple fruit, the fruit were sampled shortly after they had been drenched with fungicides prior to storage, before washing at packing, and after washing and brushing at packing of fruit that were stored for 5 or 7 months after prestorage fungicidedrench treatments. At each sampling time, three replicates, each with eight apple fruit, were selected from each fungicidedrench treatment for residue analysis. Residue analysis of fruit treated with fludioxonil, pyrimethanil, or thiabendazole was performed by the QualityControl Laboratory of Pace International LLC (Wapato, WA) using proprietary methods. Each fruit was quartered. One quarter from each fruit within each replicate was selected to make a composite sample and the composite sample was weighed. Quarters of each composite sample were macerated in a solvent using an electric blender. The slurry was centrifuged for 15 min and aliquots of the supernatant were analyzed using a Hewlett Packard 6890N gas chromatograph with an NPD detector.
Data analysis. Disease incidence was expressed as percentages of decayed fruit in the total inoculated fruit in each replicate of each treatment and transformed with arcsine-square-root transformation prior to statistical analysis. Disease incidence data were analyzed by analysis of variance using PROC GLM of SAS (version 9.1, SAS Institute, Cary, NC), and means were separated by the WallerDuncan k-ratio t test at k-ratio = 100 (P = 0.05).
For the cut fruit assays, each experiment was conducted twice. An F test was used to determine if variance of the two experimental runs was homogeneous. The homogeneity of variance test indicated that the data from both runs of each experiment could be pooled (P > 0.05), and thus all further analyses were conducted on pooled data. Analysis of variance was performed using SAS PROC GLM to compare the differences in inhibition zone of blue mold on cut fruit that had been drenched with different fungicides prior to storage and to determine whether or not fungicide residues on/in the fruit had changed 5 and 7 months after the fruit were drenched with fungicides. Means were separated by Fisher's protected least significant difference at P = 0.05. A t test using PROC TTEST of SAS (P = 0.05) was performed to compare whether or not the washing process resulted in reduction of fungicide residues on/in fruit.
RESULTS
Residual activity of fungicides in fruit. In both seasons, fludioxonil and pyrimethanil showed great residual protection of apple fruit from infection by P. expansum. On the fruit that were drenched with fludioxonil prior to storage and inoculated with P. expansum but not treated with fungicides at packing, the incidence of blue mold ranged from 0 to 7.5% and 0 to 8.8% after 8 weeks of storage at 0°C for the fruit that had been stored for 5 and 7 months before packing and inoculation, respectively (Tables 1  and 2 ). The incidence of blue mold ranged from 0 to 26.3% and 1.3 to 20% after the fruit had been kept at room temperature for one additional week post the 8-week cold storage for the fruit that had been stored for 5 and 7 months before packing and inoculation, respectively.
Virtually Tables 1 and 2) .
Regardless of whether a fungicide was applied to the fruit before storage, fruit that were inoculated with either TBZ-R or TBZ-S P. expansum and treated with either fludioxonil or pyrimethanil at packing 5 and 7 months after drenching had virtually no decay after the inoculated fruit had been stored at 0°C for 8 weeks and at room temperature for one additional week. As expected, thiabendazole was effective to control the TBZ-S but not the TBZ-R strain of P. expansum (Tables 1 and 2) .
Distribution of effective residues in the fruit. In the cut-fruit assays, inhibition zone of blue mold was used as an indicator of distribution of effective levels of fungicide residues in the fruit flesh. The results from the bioassays in both years were consistent (Fig. 1) . On the cut fruit sprayed with conidial suspensions of P. expansum, 100% of the surface of nondrenched fruit was decayed by blue mold. Little or no inhibition of blue mold was observed on thiabendazole-drenched fruit. In comparison, the vast majority of the cut surface of pyrimethanil-drenched fruit did not develop blue mold, and an average of >32-mm inhibition zone and approximately 5-mm inhibition zone measured from the fruit peel inward were observed on pyrimethanil-drenched fruit and fludioxonil-drenched fruit, respectively.
Fungicide residues on/in the fruit. In both seasons, residues of all three fungicides on nonwashed fruit remained at similar levels 5 and 7 month after the fruit had been drenched with fungicides (Figs. 2 and  3) . After washing at packing, fludioxonil residue in the fruit 5 months after drenching was significantly reduced compared to 
DISCUSSION
This is the first report to document uptake of fludioxonil and pyrimethanil by apple fruit and persistent residual activity of fludioxonil and pyrimethanil against P. expansum in apple fruit during cold storage. The persistence of fludioxonil and pyrimethanil residues in apple fruit over an extended period of time in cold storage has important implications for decay control and fungicide resistance management. Our results indicate that, when applied as a prestorage drench treatment, the residues of fludioxonil and, in particular, pyrimethanil in the fruit can still provide a great level of protection from infection by P. expansum several months after harvest, suggesting that if Delicious fruit have been treated with pyrimethanil prior to storage, no additional fungicides are needed at packing to protect fruit from infection by P. expansum. The residue of fludioxonil in apple fruit 5 to 7 months after harvest can also provide a good protection of fruit during cold storage, but the residual protection may be reduced to some extent after the fruit have been stored at room temperature. In a study on pear fruit, fludioxonil residues on/in the fruit treated with fludioxonil decrease during 12 days at 17°C and 80% relative humidity (simulated shelf life conditions) (12) . In our study, we did not monitor fungicide residues after the fruit had been stored at room temperature for one additional week after cold storage. The decline in residual activity of fludioxonil may be due to decrease in fludioxonil residues in the fruit at room temperature as observed on pear fruit (12) .
Persistence of pyrimethanil and fludioxonil in apple fruit under apple-storage conditions also suggests that selection pressure for development of resistance to these fungicides in the P. expansum population remains during storage. P. expansum is a high-risk pathogen for the development of fungicide resistance because of its short life cycle and prolific reproduction (3). Studies on laboratory-induced pyrimethanil-resistant and fludioxonil-resistant mutants of P. expansum indicated that pyrimethanil possesses a higher risk than fludioxonil in the development of resistance in P. expansum, partially because there is no fitness cost associated with mutations that confer pyrimethanil resistance, and resistance of P. expansum to pyrimethanil is stable. Resistance to pyrimethanil in P. expansum is multidrug resistance that extends to fludioxonil and thiabendazole (8) . In order to avoid or delay the development of resistance to pyrimethanil, relevant strategies need to be implemented (17) . For example, a full label rate should be used to ensure the effectiveness of the fungicide drench treatment. A level of fungicide below the label rate could compromise the efficacy of the fungicide for blue mold control and thus enhance the likelihood of development of fungicide resistance in the pathogen populations because selection pressure for resistance to fludioxonil and pyrimethanil retains for several months during storage. Bins should be sanitized before they are returned to orchards for harvest of the following season crops because contaminated bins can carry fungicide-tolerant strains of P. expansum from one crop season to the next (11) .
The systemic activity of a fungicide depends on its uptake and subsequent translocation within the plant (13) . In our study, residual activity against P. expansum and the distribution of effective residues of fungicides in fruit flesh were conducted after the fruit had been subjected to washing and brushing during packing comparable to commercial operations. Fungicide residue analysis was based on a whole fruit assay. Washing and brushing did not significantly remove pyrimethanil residues, even after the fruit had been stored for 7 months in CA. The results from the bioassays on fungicide residues in fruit flesh clearly indicate that pyrimethanil is able to move within the fruit flesh to the seed cavity area and that residues of pyrimethanil in apple fruit flesh can last for several months under conditions commercially used for storage of apples, explaining why pyrimethanil residue was not significantly removed by washing and brushing. Persistence of pyrimethanil residues has also been observed on other fruit crops (1,2). Angioni et al. (2) reported that residues of pyrimethanil in strawberries cannot be removed by home tap water washing. These results indicate that pyrimethanil has some level of systemic activity in these fruit crops, at least in apple fruit as we documented in this study.
In comparison, although uptake of fludioxonil by apple fruit was evident in the bioassays in our study, it appeared that fludioxonil residues at the levels effective in inhibiting blue mold development in apple fruit were distributed within approximately 5 mm underneath the fruit cuticle. Punctures or other types of physical wounds on commercially harvested apple fruit are generally shallow in depth, explaining why infections of such wounds by P. expansum were greatly inhibited on fludioxonil-drenched fruit because of the presence of fludioxonil in the fruit flesh underneath the fruit peel. We did not take additional fruit-flesh samples from near the core area of the fruit to analyze whether fludioxonil residues can move farther to the core area of the fruit. Thus, it is still not known whether fludioxonil can translocate as does pyrimethanil to a great extent within the apple fruit flesh. Nevertheless, our results suggest that fludioxonil may have a relatively local systemic activity in apple fruit. In our study, the inhibition zone of blue mold in the fruit flesh in the cut fruit assay can only be used as an indicator of the distribution of fungicide residues in the fruit flesh at levels effective in inhibiting blue mold development. The actual levels of fungicide residues on/in the fruit in our study were detected based on a whole fruit assay. We did not further quantify actual levels of fungicide residues in fruit flesh at different distances from the peel. It is possible that the residues of pyrimethanil in fruit flesh within several millimeters underneath the cuticle (peel) of the fruit may be higher than those in the flesh near the fruit seed cavity area, similar to what we observed on fludioxonil-drenched fruit. The uptake of fludioxonil and pyrimethanil by apple fruit and persistence of these two fungicides on drenched fruit may also explain why washing and brushing did not remove or only partially removed residues of pyrimethanil and fludioxonil from apple fruit.
Although we observed that residues of fludioxonil and pyrimethanil on/in apple fruit can persist for several months under apple-storage conditions, the residues of these two fungicides in apple fruit were below the maximum residue levels (MRL) for these two fungicides (5 ppm for fludioxonil and 14 ppm for pyrimethanil) approved by the U.S. Environmental Protection Agency (16) . The persistence of pyrimethanil and fludioxonil in washed apple fruit may also suggest that in order to limit residues of these two fungicides on/in the fruit not exceeding MRLs, one fungicide should not be used as both a drench treatment applied prior to storage and a line-spray or dip treatment applied at packing onto the same fruit. Using one fungicide as a prestorage drench treatment and another fungicide as an in-line treatment at packing would be a good fungicide-alternation approach for disease control and management of fungicide Fruit were sampled for residue analysis immediately after drenching and before and after washing at packing 5 or 7 months after harvest. Columns marked with the same letter are not significantly different at P = 0.05 according to Fisher's protected least significant difference. P values indicate significant levels of reduction in fungicide residues on/in the fruit resulting from washing and brushing at packing according to a t test.
resistance. Nonsynthetic products, such as the biocontrol agent Bio-Save 10 LP (Pseudomonas syringae Strain ESC10) (Jet Harvest Solutions, Longwood, FL) also are available for commercial use as a postharvest treatment for control of blue mold in apples and pears (6) . In general, under commercial conditions, postharvest biocontrol agents alone are not as effective as synthetic fungicides for blue mold control (4, 15) . A reduced dosage of TBZ in combination with biocontrol agents has shown potential for control of blue mold (4). To minimize fungicide use at packing and reduce fungicide residues on fruit, one potential strategy to utilize the residual effects of fludioxonil in apple fruit is to use fludioxonil as a prestorage drench treatment in combination with Bio-Save 10 LP applied at packing for control of blue mold on packed fruit. Research is needed to explore this kind of integrated program for blue mold control.
